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Abstract
Natural-stream designs are commonly based on the dimensions of the bankfull channel, which is capable of conveying discharges that transport sediment without excessive erosion or deposition. Regional curves relate bankfull-channel geometry and discharge to drainage area in watersheds with similar runoff characteristics and commonly are utilized by practitioners of natural-stream design to confirm or refute selection of the fieldidentified bankfull channel. Data collected from 66 streamflowgaging stations and associated stream reaches between December 1999 and December 2003 were used in one-variable ordinary least-squares regression analyses to develop regional curves relating drainage area to cross-sectional area, discharge, width, and mean depth of the bankfull channel. Watersheds draining to these stations are predominantly within the Piedmont, Ridge and Valley, and Appalachian Plateaus Physiographic Provinces of Pennsylvania and northern Maryland.
Statistical analyses of physiography, percentage of watershed area underlain by carbonate bedrock, and percentage of watershed area that is glaciated indicate that carbonate bedrock, not physiography or glaciation, has a controlling influence on the slope of regional curves. Regional curves developed from stations in watersheds underlain by 30 percent or less carbonate bedrock generally had steeper slopes than the corresponding relations developed from watersheds underlain by greater than 30 percent carbonate bedrock. In contrast, there is little evidence to suggest that regional curves developed from stations in the Piedmont or Ridge and Valley Physiographic Province are different from the corresponding relations developed from stations in the Appalachian Plateaus Physiographic Province. On the basis of these findings, regional curves are presented to represent two settings that are independent of physiography: (1) noncarbonate settings characterized by watersheds with carbonate bedrock underlying 30 percent or less of watershed area, and (2) carbonate settings characterized by watersheds with carbonate bedrock underlying greater than 30 percent of watershed area.
All regional curves presented in this report have slopes that are significantly different from zero and normally distributed residuals that vary randomly with drainage area. Drainage area explains the most variability in bankfull cross-sectional area and bankfull discharge in the noncarbonate setting (R 2 = 0.92 for both). Less variability is explained in bankfull width and depth (R 2 = 0.81 and 0.72, respectively). Regional curves representing the carbonate setting are generally not as statistically robust as the corresponding noncarbonate relations because there were only 11 stations available to develop these curves and drainage area cannot explain variance resulting from karst features. The carbonate regional curves generally are characterized by less confidence, lower R 2 values, and higher residual standard errors. Poor representation by watersheds less than 40 mi 2 causes the carbonate regional curves for bankfull discharge, cross-sectional area, and mean depth to be disproportionately influenced by the smallest watershed (values of Cook's Distance range from 3.6 to 8.4). Additional bankfull discharge and channel-geometry data from small watersheds might reduce this influence, increase confidence, and generally improve regional curves representing the carbonate setting.
Limitations associated with streamflow-gaging station selection and development of the curves result in some constraints for the application of regional curves presented in this report. These curves apply only to streams within the study area in watersheds having land use, streamflow regulation, and drainage areas that are consistent with the criteria used for station selection. Regardless of the setting, the regional curves presented here are not intended for use as the sole method for estimation of bankfull characteristics; however, they may supplement field identification of the bankfull channel when used in conjunction with field-verified bankfull indicators, streamflow-frequency analysis, or other supporting evidence.
Introduction
Restoration of stream channels that have excessive erosion, deposition, or degraded habitat is commonly proposed and implemented by federal, state, local, or private organizations in an effort to return the channels to more stable and biologically productive conditions. Traditional engineering practices for stream stabilization frequently rely on hardening reaches that are subjected to erosive forces with rip-rap, gabions, concrete, or other countermeasures. Stream restoration 1 efforts utilizing a natural-stream design approach that emphasizes working in concert with natural stream processes as opposed to combating them have gained popularity and are now commonly practiced in many areas. These efforts are intended to restore impaired stream reaches to allow for transport of sediment load and runoff without excessive aggradation or degradation while maintaining habitat and aesthetics consistent with unimpaired reaches subjected to similar runoff conditions.
The bankfull discharge is considered to be the most effective streamflow for moving sediment, forming or changing stream-channel bars, forming or changing bends and meanders, and generally doing work that results in the average morphological characteristics of the channel (Wolman and Miller, 1960; Dunne and Leopold, 1978) . The bankfull discharge is, therefore, the channel-forming discharge and is responsible for the formation of the bankfull channel. The objective of many natural-stream designs is to return sediment-transport capacity through construction of a channel that has a pattern, profile, and geometry consistent with that of the bankfull channel. Proper design relies heavily on the correct selection of the bankfull channel.
Some of the more common tools available for supporting the selection of the bankfull channel are regional curves. Regional curves are one-variable ordinary least-squares regressions relating bankfull discharge, cross-sectional area, width, and mean depth to drainage area in settings that are expected to have similar runoff characteristics. Equations describing the regional curves can be used to estimate the discharge and dimensions of the bankfull channel when drainage area of the watershed is known. These equations are useful for supporting selection of the bankfull channel in areas with similar runoff characteristics.
Physiographic provinces are often assumed to have homogenous, yet unique, runoff characteristics and are commonly used to define the area that regional curves represent. Recent studies in Maryland successfully used physiographic provinces in developing regional curves. McCandless (2003b) found that regional curves relating drainage area to bankfull discharge in the Allegheny Plateau and Ridge and Valley (McCandless, 2003a) 2 , Piedmont (McCandless and Everett, 2002) , and Coastal Plain (McCandless, 2003b ) Physiographic Provinces of Maryland were statistically different. New York State has developed regional curves for selected hydrologic regions (Westergard and others, 2005) that are delineated on the basis of physiography, geology, channel slope, basin storage, precipitation, and snow cover (Lumia, 1991) . The relation between bankfull-discharge and drainage area in Westergard and others (2005, p. 14) were compared to results from other studies in the northeastern United States and southern Ontario to show that equations can vary among regions.
More localized characteristics such as the size, shape, slope, underlying geology, and distribution of landforms within a physiographic province make the runoff behavior of each watershed unique. These local characteristics are superimposed on the broader-scale physiographic setting and, in some instances, may provide a more refined means of defining settings having similar runoff characteristics. For example, streams draining watersheds underlain by carbonate bedrock commonly experience underflow and storage within karst features. As a result, Pennsylvania streams draining watersheds underlain by carbonate bedrock commonly have lower peak flows than streams in watersheds without carbonate bedrock (White, 1976; Stuckey and Reed, 2000) .
The influence of physiography and geologic variables on regional curves has not been tested in the study area. Statistical analyses of data from 66 streamflow-gaging stations predominantly in the Piedmont, Ridge and Valley, and Appalachian Plateaus Physiographic Provinces of Pennsylvania and northern Maryland were used to determine which physiographic and (or) geologic variables significantly influence the slope and (or) intercept of regional curves. These analyses provide the basis for development of two sets of regional curves: (1) one set that is representative of watersheds with carbonate bedrock underlying less than or equal to (≤ ) 30 percent of the watershed area (herein referred to as "noncarbonate"), and (2) one set that is representative of watersheds with carbonate bedrock underlying greater than (>) 30 percent of the watershed area (herein referred to as "carbonate"). The two sets of regional curves presented in this report incorporate the data from, and are intended to supersede, regional curves previously published by Cinotto (2003) and White (2001) .
Purpose and Scope
This report presents the methods used, data collected, and equations describing regional curves developed for Pennsylvania and selected areas of Maryland. Bankfull discharge and channel-geometry data collected at 52 stations and associated stream reaches were combined with data from 14 stations published by Cinotto (2003) and White (2001) . All data used for development of regional curves were collected between December 1999 and December 2003. Regional curves were developed by relating the following bankfull characteristics to drainage area through regression analysis: discharge, crosssectional area, width, and mean depth. An evaluation of selected physiographic and geologic variables affecting the development of regional curves also is presented. The majority of the 1 Terms that are in boldface print are defined in the Glossary section of this report. 2 The term Ridge and Valley is usage of the Pennsylvania Geological Survey (Pennsylvania Department of Conservation and Natural Resources, 1995) . This terminology will also be used in the report for areas outside of Pennsylvania for consistency.
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watershed area draining to each station was used to assign stations to the following physiographic provinces: 12 stations are in the Piedmont Province, 2 are in the New England Province, 27 are in the Ridge and Valley Province, 24 are in the Appalachian Plateaus Province, and 1 station is in the Central Lowland Province.
Statistical analyses of relations among bankfull characteristics and selected physiographic and geologic variables were used to determine (1) if differences in the slope and (or) intercept of regression equations for the Piedmont, Ridge and Valley, and Appalachian Plateaus Physiographic Provinces justify development of separate regional curves for each province; (2) if carbonate bedrock or glaciation explain a significant amount of variance in bankfull discharge; and (3) if estimates of bankfull-channel geometry and discharge are improved by multiple-variable ordinary least-squares regression (multiple regression) using drainage area, percentage of watershed underlain by carbonate bedrock (percent carbonate), and (or) percentage of watershed area that is glaciated (percent glaciated) as explanatory variables.
Description of the Study Area
The study area includes seven physiographic provinces in Pennsylvania, and the Piedmont, Ridge and Valley, and Blue Ridge Physiographic Provinces in northern Maryland ( fig. 1 ). The majority of gaged watersheds where data were collected are characterized as having most of the watershed area underlain by the Piedmont, Ridge and Valley, or Appalachian Plateaus Physiographic Provinces, or some combination of them. The New England, Blue Ridge, Atlantic Coastal Plain, and Central Lowland Physiographic Provinces are poorly represented and therefore are not described below.
The Piedmont Physiographic Province is made up of the Piedmont Lowland Section, the Gettysburg-Newark Lowland Section, and the Piedmont Upland Section ( fig. 1 ). The Piedmont Lowland Section is underlain primarily by limestone and dolomite bedrock that is susceptible to formation of karst features. It is characterized by broad, moderately dissected valleys separated by broad low hills that range in altitude from 170 to 630 ft (Sevon, 2000) . Drainage is mostly dendritic, but some areas within the section have virtually no pattern because of the well-developed subsurface drainage. The Gettysburg-Newark Lowland Section consists mainly of rolling hills and valleys developed on sedimentary rocks. Isolated higher hills have developed on the diabase, sedimentary rock, and conglomerates. Almost all the underlying sedimentary rock dips to the north or northwest, and many smaller drainage ways are oriented normal to the direction of dip so that some of the topography has a northeast-southwest linearity. The basic drainage pattern is dendritic. Altitude in the section ranges from 40 to 1,335 ft. The Piedmont Upland Section consists mainly of broad, rounded to flat-topped hills and shallow valleys developed on schist, gneiss, and quartzite with some saprolite. Altitude in this section ranges from approximately 100 ft to approximately 1,220 ft. The rocks are intensely folded and faulted, and the resulting drainage pattern is primarily dendritic.
The Ridge and Valley Physiographic Province is made up of the Great Valley and Appalachian Mountain Sections ( fig. 1 ). The Great Valley Section is underlain by shale and sandstone in the northwest, slate near the eastern boundary, and limestone and dolomite throughout the southeast (Cuff and others, 1989) . Underground storage and underflow is enhanced by karst features (Kochanov and Reese, 2003) . Altitudes range from approximately 140 to 1,100 ft. The drainage pattern is primarily dendritic but varies because of subsurface drainage (Sevon, 2000) . The Appalachian Mountain Section is underlain predominantly by sandstone, siltstone, shale, and conglomerate; however, some areas are underlain by anthracite coal or limestone and dolomite. Long parallel ridges separated by broad to linear valleys are characteristic of this section. Altitudes range from approximately 260 to 2,775 ft. Drainage patterns are varied.
The Appalachian Plateaus is the largest physiographic province in Pennsylvania and is made up of nine sections that extend over the northern and western portions of the state ( fig. 1) . In contrast to the linear ridges of the Ridge and Valley, the landscape is irregular and is dominated by dendritic drainage patterns (Sevon, 2000) . This province is underlain primarily by sandstone, siltstone, shale, and conglomerate. However, limestone underlies parts of the Allegheny Mountain and Pittsburgh Low Plateau Sections (Sevon, 2000) . Karst features are uncommon because the limestone typically is overlain by sedimentary rocks and (or) interbedded with shale (Pennsylvania Department of Conservation and Natural Resources, 2000b) . The northeast and northwest sections ( fig. 1 ) were shaped by glacial erosion and deposition, resulting in varied upland and valley features (Sevon, 2000) .
Study Design and Methods
This study was designed to develop regional curves using streamflow-gaging stations in predominantly non-urban and non-regulated settings of Pennsylvania and selected areas of Maryland. Bankfull channel geometry and discharge data from 12 stations in the Piedmont Physiographic Province and 2 stations in the New England Physiographic Province previously published by White (2001) and Cinotto (2003) were combined with data collected from 52 additional stations in the Ridge and Valley, Appalachian Plateaus, and Central Lowland Physiographic Provinces. Collectively, the 66 stations represent a range of watershed areas in different physiographic and geologic settings across Pennsylvania and northern Maryland. The methods of data compilation and station selection are described below and are followed by a description of the statistical procedures used to develop the regional curves. 
Study Design and Methods 5 Data Compilation and Streamflow-Gaging Station Selection
Bankfull-discharge and channel-geometry data were collected at streamflow-gaging stations selected mainly on the basis of seven filtering criteria. The filtering criteria are intended to provide a consistent means of selecting streamflowgaging stations that have a sufficient period of record to characterize the bankfull channel. A brief description of each criterion is provided below:
• The watershed draining to each station is predominantly within the boundaries of the Piedmont, Ridge and Valley, Appalachian Plateaus, New England, or Central Lowland Physiographic Province. Note that the predominant province is defined as the one underlaying the largest percentage of watershed area. Some portion of many watersheds is outside of predominant province (table 1).
• The watershed has not been subjected to anthracite or bituminous coal mining that alters surface and underground hydrology.
• No more than approximately 20 percent of the upstream watershed is classified as "urban" land use. This percentage was chosen for consistency with the selection criteria of White (2001), Cinotto (2003) and other efforts to develop regional curves specific to Maryland.
• The station has a period of record of at least 10 years.
• If the station is discontinued, the station must have been operational until at least 1985 to minimize the possibility of changes to the channel that would require re-development of the rating curve relating water-surface elevation to discharge (rating). Re-development of ratings is beyond the scope this study.
• Streamflow at the station is subjected to no greater than approximately 20 percent regulation. This percentage was chosen for consistency with the selection criteria of White (2001) and Cinotto (2003) .
• The stream was wadeable at the time of survey. This criterion limited the study to watersheds less than 220 mi 2 .
Stations were selected by applying these filtering criteria to a database of active and discontinued continuous-and partialrecord streamflow-gaging stations operated by the USGS in the study area. The period of record, date of discontinuance, and percent regulation of each station were determined from data stored and maintained by the USGS in the Automated Data And Processing System (ADAPS) of the National Water Information System (NWIS) (U.S. Geological Survey, 2003) . A Geographic Information System (GIS) containing physiography, and land-use data was used for filtering purposes. Physiographic coverages are from the Pennsylvania Department of Conservation and Natural Resources (1995) and from Langland and others (1995) . The combined physiographic coverages are shown in figure 1 . Land-use data are published in Stuckey and Reed (2000) and were compiled by USGS (1996) . The percentage of urban area in each watershed is defined as the sum of three land-cover classifications __ low-intensity developed, high-intensity residential, and high-intensity commercial/ industrial.
Streamflow-gaging stations meeting all filtering criteria were considered for inclusion in this study. Station characteristics from records in USGS offices, communication with field personnel, and, in some instances, field reconnaissance were used to further refine the list of suitable stations by excluding those where lateral adjustment was restricted by levees or berms. Some stations that were selected had some anthropogenic influences such as rip rap, gabions, or retaining walls over short reaches. However, none were channelized or hardened with poured concrete. Bedrock outcrops occurred in, or near, the channel of some stream reaches.
Percent carbonate was used to evaluate whether or not carbonate bedrock explains a significant amount of variability in bankfull discharge. Similarly, percent glaciated was used to elevate glaciation as an explanatory variable. Percent carbonate was determined by superimposing coverages of carbonate bedrock (Pennsylvania Department of Conservation and Natural Resources, 2000b) on watershed boundaries delineated for each station. Percent glaciated was determined by superimposing coverages of the Wisconsinan glacial advance (Pennsylvania Department of Conservation and Natural Resources, 2000a) on watershed boundaries of each station.
Procedures described by Leopold (1994) and Rosgen (1996) were followed for identification of the bankfull channel, determination of bankfull discharge and channel geometry, and determination of stream type. Long-term streamflow and crosssectional channel geometry data stored in ADAPS were used in combination with bankfull field indicators identified in longitudinal and cross-sectional surveys to define the bankfull channel. Peak-flow analysis of long-term streamflow records following guidelines described by the Water Resources Council, Hydrology Committee (1981) was used to determine the exceedance probability and corresponding recurrence interval of the range of streamflows observed at each station. With the exception of station 39 (Marsh Run at Grimes, Md.), the bankfull channel is assumed to be formed by a discharge recurring once every 1 to 2 years. Table 1 . Physiographic characteristics and percentage of carbonate bedrock underlying watersheds of streamflow-gaging stations and associated stream reaches assessed for regional-curve development, Pennsylvania and selected areas of Maryland.
[-, no carbonate bedrock; ft, feet; St., Street; D.S., downstream; U.S., upstream; RV, Ridge and Valley Province; am, Appalachian Mountain Section; gv, Great Valley Section; AP, Appalachian Plateaus Province; alm, Allegheny Mountain Section; alp, Allegheny Plateau Section; dv, Deep Valleys Section; ghp, Glaciated High Plateau Section; glp, Glaciated Low Plateau Section; gpp, Glaciated Pittsburgh Plateau Section; gpop, Glaciated Pocono Plateau Section; hp, High Plateau Section; plp, Pittsburgh Low Plateau Section; P, Piedmont Province; gnl, Gettysburg-Newark Lowland Section; l, Lowland Section; u, Upland Section; BR, Blue Ridge Province; sm, South Mountain Section; CL, Central Lowland Province; el, Eastern Lake Section; NE, New England Province; rp, Reading Prong Section] Langland and others (1995) .
Cross
3 Percentage of watershed underlain by carbonate bedrock determined from Pennsylvania Department of Conservation and Natural Resources (2000b). 4 All data provided by Edward Doheny, U.S. Geological Survey, written commun., 2004.
5 "W" indicates that data were originally published in White (2001) .
6 "C" indicates that data were originally published in Cinotto (2003) . 
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A longitudinal survey of the thalweg, water surface, and bankfull-channel elevations was completed at each station along with cross-sectional surveys. At most stations, bankfullchannel geometry was determined by averaging bankfull area, width, and mean depth determined by cross-sectional surveys at two riffles. Bankfull-channel geometry at stations W1 and W14 is based on only one cross section because the reach near these stations contained only one riffle. (See the Appendix for the location, photographs, and data associated with cross-sectional surveys in all stream reaches.)
Note that the bankfull-channel elevation as used here is considered to be the elevation of incipient flooding, the interface between the active channel and floodplain. All surveys were referenced to the datum established for gaging streamflow ( fig. 2) . Surveyed elevations were recorded to the hundredth of a foot in accordance with the accuracy of the equipment and survey techniques. After the bankfull channel was selected, the water-surface elevation that would occur in the bankfull channel was used to determine the bankfull discharge at most stations. Specifically, the bankfull discharge was determined by comparing the elevation of the bankfull channel ( fig. 2) to the rating at each station.
At some stations, the bankfull discharge could not be determined from the rating because of large changes in streamchannel elevations between the streamflow-gaging station and stream reach along which the bankfull channel was surveyed. This situation generally was caused by 10-20 ft control structures that impounded water for 1,000 to 2,000 ft upstream. The differences in elevation occasionally resulted in a "disconnect" between bankfull features within the impounded reaches and the downstream reaches. In such cases, indicators of the bankfull channel within the impoundments were created by different flow regimes than in the downstream reaches and were not used in conjunction with the ratings to determine bankfull discharges. Instead, channel geometry was determined at the two cross sections as normal, and slope-conveyance methods described in Rosgen (1996) were used as an alternative for determining bankfull discharge. Discharges computed at each surveyed cross section were averaged to compute the bankfull discharge used for development of regional curves. 12 Development of Regional Curves Relating Bankfull-Channel Geometry and Discharge to Drainage Area for Streams-Pa., Md.
Historical cross-sectional channel geometry data collected during routine streamflow measurements at each station were helpful in identifying the bankfull channel at many but not all stations. Cross-sectional geometry is most useful for determination of the bankfull channel when one measurement section is located near a riffle and is used over a range of water surface elevations (including the bankfull elevation). Most USGS streamflow-measurement sections are selected to provide accurate velocity and area determinations for the computation of discharge. Thus, the location of the measurement section may vary depending on the water-surface elevation. The measuring section may be in slower pool-dominated sections and not in riffles as required by most fluvial-geomorphology computations. Changes in the location of the measurement section at a given station diminishes the usefulness of geometry measurements for selection of the bankfull channel because of scatter and the inability to determine exactly where the measurement was made. Therefore, narrative descriptions that accompany each streamflow measurement were reviewed to determine if channel geometry at the measurement section may be helpful for identification of the bankfull channel. When appropriate, these data were used to aid in identification of the bankfull channel.
Statistical Procedures
Statistical procedures that test for differences in regional curves between the three major physiographic provinces provide a means to determine if there is justification for separate relations or if more powerful relations can be achieved by combining data from some or all of the provinces. For example, if regional curves for the Piedmont and Ridge and Valley Physiographic Provinces have the same slope and intercept as the corresponding relations in the Appalachian Plateaus Physiographic Province, combination of the data across all three provinces will result in development of more robust curves. In contrast, a significant difference in slope or intercept of regional curves between physiographic provinces would indicate that separate curves are appropriate. The analysis of differences in slope and intercept due solely to physiography is complicated by other factors like carbonate bedrock and glaciation that may cause variability in bankfull characteristics. As a result, the influence of carbonate bedrock and glaciation is analyzed along with physiography in the statistical procedures described below.
A total of 63 stations were first assigned to either the Piedmont, Ridge and Valley, or Appalachian Plateaus Physiographic Province according to which province underlays the maximum percentage of the watershed area (table 1). Note that stations 52, W1, and W3 are not included because the maximum percentage of watershed area is underlain by the Central Lowland or New England Physiographic Provinces (table 1). The percentage of each physiographic unit underlying each watershed was determined with a GIS consisting of coverages from Pennsylvania Department of Conservation and Natural Resources (1995) and Langland and others (1995) . Analysis of Covariance (ANCOVA), following procedures described by SAS Institute, Inc. (1990) , was used to analyze for differences in the slope and intercept of regression lines developed for each of the three provinces.
Karst features in watersheds underlain by carbonate bedrock can lead to underflow and ground-water storage (Kochanov and Reese, 2003) that may alter the bankfull discharge and associated channel geometry regardless of physiography. Of the 63 stations assigned to the Piedmont, Ridge and Valley, or Appalachian Plateaus Physiographic Provinces, 23 are in watersheds underlain by carbonate bedrock ranging from 1 to 100 percent of the watershed area (table 1) . To isolate the influence of physiography, the potential influence of carbonate bedrock was eliminated by performing a second ANCOVA on regressions developed with the 40 watersheds in the Piedmont, Ridge and Valley, or Appalachian Plateaus Physiographic Province that are not underlain by any carbonate bedrock (table 1) .
The ANCOVA tests were structured to compare the slope and intercept of regressions developed for the Ridge and Valley and Piedmont Physiographic Provinces to the corresponding relations of the Appalachian Plateaus Physiographic Province. Hence, the regression for the Appalachian Plateaus Province represents a control condition. Note that the Ridge and Valley and Piedmont Physiographic Provinces are not directly compared against one another but some conclusions regarding differences between these two provinces may be inferred. For example, if the statistical evidence indicates that regressions for the Piedmont and Ridge and Valley Physiographic Provinces are the same as those for the Appalachian Plateaus Province, then it can be inferred that the relations for the Piedmont and Ridge and Valley Province are also the same. The null hypothesis for each ANCOVA test is that there is no difference in the slope or intercept of regression equations for the Piedmont and Ridge and Valley Physiographic Provinces compared to the Appalachian Plateaus Physiographic Province. The null hypothesis is rejected if the p-value (probability that a difference occurs by chance) is less than or equal to 0.0500.
Following the ANCOVA tests, percent carbonate, percent glaciated, and drainage area were entered as explanatory variables in multiple-regression models developed to estimate bankfull discharge. The purposes of the multiple-regression models are twofold; (1) to determine if percent carbonate, percent glaciated, and (or) drainage area explain a significant amount of variation in bankfull discharge, and (2) to evaluate if the multiple-regression model provides better estimates of bankfull discharge than a regional curve relating bankfull discharge to drainage area alone. Statistical diagnostics and estimated bankfull discharges over a range of drainage areas were used to compare the strength of the multiple-regression model to the regional curve. The null hypothesis of the multipleregression models is that the slope coefficient of each explanatory variable is zero. That is, none of the explanatory variables have any predictive value. The null hypothesis was rejected if the p-value (probability that the slope coefficient is different from zero due to chance) was equal to or less than 0.0500.
Data Analyses for Regional Curves 13
For the purposes of this study, there are five assumptions for one-and multiple-variable regression models. They are (1) the bankfull response variable is linearly or log-linearly related to the explanatory variable(s); (2) data used to create the model are representative of the data of interest; (3) the variance of regression residuals is constant (homoscedastic); (4) the residuals are independent; and (5) the residuals are normally distributed (Helsel and Hirsch, 2002) . The necessity of satisfying these assumptions is determined by the purpose of the regression equation. Adherence to assumptions 1 through 4 is necessary to obtain the best unbiased estimates of bankfullchannel geometry and discharge (Helsel and Hirsch, 2002) .
Data Analyses for Regional Curves
Two findings from the ANCOVA tests have implications for development of regional curves presented in this report: (1) carbonate bedrock influences the slope of selected regression equations (tables 2 and 3), and (2) when the influence of carbonate bedrock is eliminated, the weight of evidence supports combination of data across all physiographic provinces. When watersheds underlain by carbonate bedrock are included, the slope of the bankfull-discharge regression for the Ridge and Valley Physiographic Province is significantly different from the corresponding equation for the Appalachian Plateaus Physiographic Province (p-value = 0.0078; table 2). After the influence of carbonate bedrock is eliminated, the slope of this regression steepens and no longer differs from the Appalachian Plateaus equation (p-value = 0.1861; table 3).
The p-values from ANCOVA tests indicate that the bankfull-mean-depth regression for the Piedmont Physiographic Province may differ from the corresponding relation for the Appalachian Plateaus Physiographic Province even after the influence of carbonate bedrock is eliminated (p-values = 0.0065 and 0.0339; tables 2 and 3, respectively). Note however, that the p-value of 0.0339 is relatively close to the significance level of 0.0500 and that there are only seven stations to define the slope and intercept of the regression equations in table 3. The p-values assign a confidence level to the intercept and slope-coefficient estimates based on the values and spread of the data (N = 7 stations), not so much on the number of stations. Here, the concern is whether the regression defined by these seven stations is representative of the regression that would be defined by all possible stations. With a small "N," the chances are greater that it is not. This uncertainty, the relatively weak evidence that the bankfull-mean-depth regressions for the Piedmont and Appalachian Plateaus Physiographic Provinces are different, and that regressions for other bankfull characteristics in the Piedmont are not significantly different from the Appalachian Plateaus Physiographic Province, suggest that little or no increase in confidence and power can be achieved by developing separate bankfull-mean-depth regressions for each physiographic province.
Results of the multiple-regression models suggest that including percent carbonate and (or) percent glaciated as explanatory variables in addition to drainage area does not yield better estimates of bankfull discharge compared to estimates from regional curves. Percent glaciated was not significant (p-value = 0.0664) and percent carbonate caused the model to estimate some values of bankfull discharge that were physically impossible, even though it explained a significant amount of variability (p-value = < 0.0001). For example, a model using percent carbonate and drainage area as explanatory variables estimated negative bankfull discharges for small watersheds because the intercept term on percent carbonate was negative. This is a major shortcoming, particularly for the practitioner relying on estimates that are applicable to natural-stream design.
The relation between bankfull characteristics and percent carbonate is difficult to evaluate statistically because of karst features (Kochanov and Reese, 2003) and poor representation of small watersheds underlain by carbonate bedrock. ANCOVA and multiple-regression results both suggest that carbonate bedrock influences bankfull characteristics, but neither has provided definitive evidence on how to account for this influence when estimating bankfull characteristics. Treating percent carbonate as a continuous variable in a multiple-regression model failed because the model was prone to estimate negative values for small drainage areas as mentioned above. However, if the percentage at which carbonate bedrock tends to markedly influence bankfull characteristics can be determined, then percent carbonate could be handled as a class variable. That is, separate regional curves could be developed for two subsets of watersheds; those that are influenced by carbonate bedrock and those that are not.
To investigate this possibility, drainage area and percent carbonate were entered as explanatory variables in another multiple-regression model to estimate bankfull discharge from 25 stations in watersheds underlain by 1 to 100 percent carbonate bedrock (table 1). Note that stations in this model were selected based on the presence of carbonate bedrock alone regardless of physiography. Partial residuals for percent carbonate indicate that this model commonly over-estimates bankfull discharge (partial residuals are negative) when the watershed area underlain by carbonate bedrock is > 30 percent ( fig. 3) . With the exception of three stations, the model underestimates bankfull discharge (partial residuals are positive) when carbonate bedrock is ≤ 30 percent ( fig. 3) . Appalachian Plateaus 24 The relation between bankfull discharge and drainage area developed from all 66 stations ( fig. 4) is consistent with the pattern of partial residuals shown in figure 3. Stations in watersheds underlain by a significant percentage of carbonate bedrock generally have lower bankfull discharges compared to those having little or no carbonate bedrock (fig. 4) . Evaluation of figures 3 and 4 leads to the conclusion that the effect of carbonate bedrock in this dataset can be characterized as either present or not; bankfull discharge in watersheds underlain by ≤ 30 percent carbonate bedrock are influenced little and watersheds underlain by > 30 percent carbonate bedrock are greatly influenced. Hence, stations were initially subset into those in watersheds underlain by ≤ 30 percent carbonate bedrock and those in watersheds underlain by > 30 percent carbonate bedrock.
ANCOVA was used to test for differences in the slope and intercept of regression lines relating bankfull discharge to drainage area in each subset. ANCOVA results indicate that the slope of the discharge regression developed from stations in watersheds underlain by > 30 percent carbonate (N = 11) is significantly less steep (p-value = 0.0020) than the regression developed from stations in watersheds underlain by ≤ 30 percent carbonate (N = 55). The intercepts were not significantly different (p-value = 0.8377).
On the basis of partial residuals from multiple regression ( fig. 3) , the relation between bankfull discharge and drainage area shown in figure 4 , and confirmation through ANCOVA that treatment of carbonate bedrock as a class variable results in different regression lines, regional curves were developed to represent two settings independent of physiography: (1) a noncarbonate setting characterized by watersheds with carbonate bedrock underlying ≤ 30 percent of the watershed area; and (2) a carbonate setting characterized by watersheds with carbonate bedrock underlying > 30 percent of the watershed area.
Bankfull geometry and discharge data used to develop regional curves in the noncarbonate and carbonate settings are shown in tables 4 and 5, respectively. In general, regional curves developed with more data are less prone to violation of the underlying regression assumptions and have greater confidence than those developed with fewer data. Note that there are five times as many stations in noncarbonate setting (N = 55) than in the carbonate setting (N = 11). As a result, there is better representation of a range of drainage areas in the noncarbonate setting (table 4) thereby reducing the possibility of disproportionate influence by any one station. Regional curves developed from stations in carbonate settings are susceptible to influence from stations in watersheds less than 40 mi 2 because there are only two of them (table 5). The implications of differences between the noncarbonate and carbonate datasets are evaluated with statistical diagnostics that accompany the regional curves.
Development and Evaluation of Regional Curves
Regional curves are only estimates of the true relation between bankfull-response variables and drainage area because they are generated from a sample of stations intended to represent the population. The reliability of bankfull discharge and channel geometry estimated from regional-curve equations depends on how well the sample of stations represents the population, adherence to the assumptions of the underlying regression model, the fit of the curve to the data used to develop it, influence of any given data point on the slope of the curve, and the confidence in the curve over the range of represented drainage areas. Reliability of the regional curves and associated estimates of bankfull discharge and channel geometry are evaluated on the basis of statistical diagnostics included with the discussion of each set of regional curves. Computation of the diagnostics required transformation of the regional curves from commonly reported power functions (Cinotto, 2003; White, 2001; Dunne and Leopold, 1978) to log-linear functions. For the sole purpose of computing diagnostic statistics, each power function of the general form y = a(DA) b was transformed to the form:
(1) where log is logarithm to base 10, y is the bankfull-response variable, a is the intercept of the regression line, b is a coefficient of regression representing the slope of the regression line, and DA is drainage area. Rosgen (1996) as single threaded channels with entrenchment ratios that are greater than 2.2 ft/ft, width/depth ratios greater than 12 ft/ft, sinuosity greater than 1.2 ft/ft, and slopes ranging from less than 0.001 -0.039 ft/ft. Numbers and small letters following the "C" represent the bed material and a more refined slope category, respectively. 2 B type streams are characterized by Rosgen (1996) as single threaded channels with moderate entrenchment ratios (1.4 -2.2 ft/ft), width/depth ratios greater than 12 ft/ft, sinuosity greater than 1.2 ft/ft, and slopes ranging from less than 0.020 -0.099 ft/ft. Numbers and small letters following the "B" represent the bed material and a more refined slope category, respectively. 3 When two stream types are listed, the first is for the upstream-most cross section. 4 Computed by slope-conveyance methods described in Rosgen (1996) .
5 F type streams are characterized by Rosgen (1996) as single threaded channels with entrenchment ratios that are less than 1.4 ft/ft, width/depth ratios greater than 12 ft/ft, sinuosity greater than 1.2ft/ft, and slopes ranging from less than 0.02 -0.039 ft/ft. Numbers following the "F" represent the bed material. 6 E type streams are characterized by Rosgen (1996) as single threaded channels with entrenchment ratios that are greater than 2.2 ft/ft, width/depth ratios less than 12 ft/ft, sinuosity greater than 1.5 ft/ft, and slopes ranging from less than 0.02 -0.039 ft/ft. Numbers following the "E" represent the bed material. 7 Cross-reference identification number preceded by a "W" indicates that data were originally published in White (2001) .
8 Previously reported as 1.94 in Cinotto (2003) and White (2001) .
9 Cross-reference identification number preceded by a "C" indicates that data were originally published in Cinotto (2003) . Rosgen (1996) as single threaded channels with entrenchment ratios that are greater than 2.2 ft/ft, width/depth ratios greater than 12 ft/ft, sinuosity greater than 1.2 ft/ft, and slopes ranging from less than 0.001 -0.039 ft/ft. Numbers and small letters following the "C" represent the bed material and a more refined slope category, respectively. 2 When two stream types are listed, the first is for the upstream-most cross section.
3 Computed by slope-conveyance methods described in Rosgen (1996) .
4 B type streams are characterized by Rosgen (1996) as single threaded channels with moderate entrenchment ratios (1.4 -2.2 ft/ft), width/depth ratios greater than 12 ft/ft, sinuosity greater than 1.2 ft/ft, and slopes ranging from less than 0.020 -0.099 ft/ft. Numbers and small letters following the "B" represent the bed material and a more refined slope category, respectively. 5 Bed substrate at station 39 (Marsh Run at Grimes, Md; 01617800) was carbonate bedrock.
6 E type streams are characterized by Rosgen (1996) as single threaded channels with entrenchment ratios that are greater than 2.2 ft/ft, width/depth ratios less than 12 ft/ft, sinuosity greater than 1.5 ft/ft, and slopes ranging from less than 0.02 -0.039 ft/ft. Numbers following the "E" represent the bed material.
Regional Curves Developed for Noncarbonate Settings
Regional curves representing the noncarbonate setting (figs. 5-8) fig. 7 ) and mean depth ( fig. 8 ) regional curves reflect greater uncertainty in estimates of regression parameters for these relations compared to the bankfull discharge ( fig. 6 ) and cross-sectional area ( fig. 5 ) relations. Thus, regional curves representing the noncarbonate setting are more reliable for estimation of bankfull discharge and cross-sectional area than bankfull width and mean depth. ANCOVA results shown in tables 2 and 3 provide quantitative statistical evidence for combination of data across the Piedmont, Ridge and Valley, and Appalachian Plateaus Physiographic Provinces. Visual comparison of how bankfull characteristics vary among the physiographic provinces (figs. 5-8) provides additional qualitative support. In other words, it is difficult to visually determine if separate relations for each province would be different from one another given the variability of the data among the three provinces. Additional data collected in similar physiographic settings outside of the study area will help determine if other regional curves are different from the ones presented here. New York State is presently (2005) developing regional curves for eight regions and has published curves for a portion of the Appalachian Plateaus Physiographic Province in the upper Susquehanna River Basin (Westergard and others, 2005) . The regional curves presented here for noncarbonate settings of Pennsylvania are nearly identical to those in Westergard and others (2005) .
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Regional Curves Developed for Carbonate Settings
Regional curves representing the carbonate setting (figs. 9-12; table 7) generally are not as good as the corresponding noncarbonate curves (figs. 5-8; table 6). This is largely because drainage area does not explain variability caused by karst features, the dataset for the carbonate setting is statistically small (N = 11; (table 7) . The implication of influence by station W9 was evaluated by comparing the regional curves presented in figures 9, 10, and 12 to corresponding regression equations developed without station W9. Exclusion of station W9 resulted in steeper positive slopes that intersect all the regional curves at a drainage area of approximately 84 mi 2 . Hence, the regional curves developed for the carbonate setting may underestimate bankfull discharge, cross-sectional area, and mean depth, where drainage area is greater than 84 mi 2 and overestimate where drainage area is less than 84 mi 2 .
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Limitations
The limitations of this investigation fall into two categories: (1) limitations related to the selection of streamflow-gaging stations and the associated bankfull channel, and (2) the development of regional curves. These limitations and the associated constraints on application of regional curves presented in this report are discussed below.
Limitations Related to Selection of Streamflow-Gaging Stations and the Bankfull Channel
Urbanization generally increases the size and frequency of floods because of impervious surfaces that convey runoff to streams much faster than natural surfaces that provide for infiltration. In response, stream channels commonly widen or downcut to increase their cross-sectional area so higher, more frequent flows can be accommodated (Doll and others, 2002) . The filtering criterion of approximately 20 percent urban land use used in this study is a surrogate for impervious cover and is intended to exclude watersheds that may introduce unwanted variability in bankfull characteristics. Note that not all urban land use is impervious, and therefore the percent of urban land use overestimates the percent of impervious cover. Schueler (1995) linked watersheds with impervious cover as low as 10 percent to instability and erosion of channels. Thus, if the urban filtering criterion failed to exclude some watersheds with greater than 10 percent impervious cover, unwanted variability may have been introduced.
With the exception of one station, the assumption used in this investigation is that the channel-forming bankfull discharge is within the 1-to 2-year recurrence range. The literature contains debate about the validity of this assumption. Thorne and others (1997) state, "The widely reported assertion that bankfull discharge occurs on average once every 1 to 2 years is now seen as an oversimplification." If runoff patterns at a streamflowgaging station were such that the bankfull discharge occurs more, or less, often than this 1-to 2-year frequency, the recurrence-interval criterion did not substantiate identification of the bankfull channel.
The stability of the reaches included in this study-in terms of sediment transport, hydraulic conveyance, and degradation and (or) aggradation of the stream reaches-has not been confirmed, and long-term monitoring of the reaches has not been completed. Stream channels in transitional states may have introduced increased variability into the regional curves. Hence, regional curves are best used to initially confirm or refute field identification of the bankfull channel and are not intended as the sole tool to develop design criteria for stream restoration.
Summary and Conclusions 31 Limitations Related to Development of Regional Curves
Bankfull channel geometry and discharge data are inherently variable. Regional curves use drainage area to explain this variability and are described by a best-fit equation that can be used to estimate bankfull characteristics. The quality of these estimates depends on how well the population is represented (number of stations available) and variability caused by factors other than drainage area. Regional curves developed for the noncarbonate setting are statistically more robust than those for the carbonate setting because there were more stations available (55 compared to 11) and the variability resulting from carbonate bedrock was minimized. Note, however, that very few values of bankfull characteristics determined from field data collected in the noncarbonate setting fall directly on any of the regional curves. This serves to emphasize that field verification is important for application of regional curves in any setting.
The small number of stations in carbonate settings and the variability introduced by carbonate bedrock are the primary limitations of the regional curves developed for carbonate settings. These relations are disproportionately influenced by the smallest watershed selected for this study and have poor confidence, particularly below a drainage area of 40 mi 2 . Some stations in the carbonate setting, including W9 (Sucker Run near Coatesville, Pa; table 1), may relate better to noncarbonate settings. Because of inherent variability in the distribution of karst features and their effect on streamflow (Kochanov and Reese, 2003) , some stations may be influenced by carbonate bedrock even if the percentage underlying the watershed is 30 percent or less. Additional bankfull discharge and channel-geometry data from small watersheds in carbonate settings might reduce the influence of small watersheds, increase confidence, and generally improve the carbonate regional curves.
